Reproductive abnormalities are included as health complications in offspring exposed to poor prenatal nutrition. We have previously shown in a rodent model that offspring born to nutrient restriction during pregnancy are born small, enter puberty early, and display characteristics of early ovarian aging as adults. The present study investigated whether key proteins involved in follicle recruitment and growth mediate ovarian follicle loss. Pregnant rats were randomized to a standard diet throughout pregnancy and lactation (CON), or a calorie-restricted (50% of control) diet (UN) during pregnancy. Offspring reproductive phenotype was investigated at postnatal days 4, 27, and 65. Maternal UN resulted in young adult (P65) irregular estrous cyclicity due to persistent estrus, a significant loss of antral follicles, corpora lutea, and an increase in atretic follicles. This decrease in growing follicles in UN offspring appears to be due to increased apoptosis as seen by immunopositive staining of pro-apoptotic factor CASP3 (caspase 3) in ovaries of young adult offspring. UN prepubertal offspring had reduced expression levels of Fshr in antral follicles, which may contribute to a decrease in PI3K/AKT activation evident as a decrease in pAKT immunolocalization in prepubertal antral follicles. Moreover, neonatal ovaries of UN offspring show decreased levels of immunopositive staining for AMHR2 (anti-mullerian hormone receptor 2). Collectively, these data demonstrate that maternal UN during pregnancy impacts ovarian function in offspring as early as P65 and provides a model for understanding the mechanisms driving early life UN-induced follicle loss and reproductive dysfunction.
Introduction
Disease risk is established well before birth. Lifestyle-associated diseases, including obesity and type 2 diabetes, are known to be influenced by fetal adaptations to in utero conditions, and critically these disease effects span multiple generations [1, 2] . Reproductive dysfunction can now be added to that list. Epidemiological studies of populations born with low birth weight (LBW) due to intrauterine growth restriction (IUGR) and/or small for gestational age (SGA) showed significant associations between intrauterine growth, birth weight, and postnatal reproductive function [3] [4] [5] [6] [7] . Adolescent girls and young adult women born SGA showed reduced ovarian size and increased circulating gonadotropin levels already beginning in infancy [8, 9] , confirming that in utero conditions modulate reproductive function much later in life.
The demand for assisted reproductive therapy has increased significantly in both older and younger women. In Canada, 16% of couples between 18 and 44 years of age have infertility, a near doubling since 1992, where 1 in 20 women experience infertility during their peak reproductive years and of which premature loss of the ovarian follicle reserve is a major cause [10] [11] [12] . This results in a narrowing of the number of potential reproductive years available to couples. It is not completely understood how the ovarian follicular reserve is depleted in infertile women. It is known that germ cells (oocytes) in the growing fetal ovary are vulnerable to prenatal events where poor fetal growth and LBW are associated with early pubertal onset [3, 4] , ovarian dysfunction [13] [14] [15] [16] , poor pregnancy outcomes [17, 18] , and early menopause [19] . Work in rodents has demonstrated that fetal nutrient restriction results in LBW offspring that enter puberty early and as adults have increased ovarian oxidative stress and a premature loss of follicles compared to control offspring [20] . Female offspring born to mothers who were nutrient restricted during only the second half of pregnancy have disrupted estrous cycles [21] , and comparatively protein restriction during pregnancy has also been shown to reduce follicle number in offspring and decreases reproductive lifespan [22, 23] .
Together, these data suggest that in utero exposures likely dictate the reproductive potential of offspring. However, despite the fact that we have made great advances in our understanding of the relationship between intrauterine growth and postnatal health and disease, the mechanisms by which in utero nutrient restriction influences pathways regulating follicle growth, follicle recruitment, and reproductive function are unclear. Furthermore, it is not known that at what time point in postnatal life follicle loss begins, or which pathways contribute to this distinct ovarian phenotype. Given the rising rates of infertility observed in young women, a better understanding of the mechanisms driving early follicle loss is needed.
Through the use of an established rat model of nutrient restriction during pregnancy [20] , the following study sets out to determine how early life nutritionally induced fetal growth restriction impacts neonatal, prepubertal, and young adult ovarian signaling pathways involved in primordial follicle recruitment, follicle growth, and steroidogenic regulators mediate ovarian follicle loss.
Materials and methods

Animal model
Animal procedures for this study were approved by the McMaster University Animal Research Ethics Board (Animal Utilization Protocol 12-10-38) in accordance with the guidelines of the Canadian Council of Animal Care. An established model of global maternal nutrient restriction was utilized to induce fetal growth restriction [20, 24, 25] . Female Wistar rats (n = 50, Charles River, Willmington, MA, Strain 003) were mated with males and kept in the same room with a constant temperature maintained at 25
• C and a 12-h, 12-h dark cycle. Mating was confirmed by the presence of sperm in a morning vaginal smear sample. Pregnant dams were housed individually in standard rat cages with free access to water and were randomized into one of two groups: dams fed an ad libitum control diet during pregnancy and lactation (CON; n = 25 protein 18%, fat 5%, digestible energy 3.4 kcal/gm, Teklad Global 18% Protein Diet, Diet 2018) and dams fed 50% of CON intake (calculated based on control food intake measures; UN; n = 25) for each gestational day during pregnancy and fed a control diet ad libitum during lactation. Maternal weight gain and food intake were recorded daily in each group. Dams were permitted to deliver spontaneously, and pups were sexed and weighed at birth. At 4 days after birth on postnatal day (P4), pups were weighed and litter size was standardized to eight (n = 4 male and n = 4 female). All other female pups at P4 were euthanized, blood and both ovaries were collected, weighed and fixed in 10% formalin for 24 h, then transferred to 70% EtOH until processed. P4 female offspring blood was processed for serum collection and stored at -80
analysis. At weaning (P21), females were housed two per cage and fed a control diet ad libitum for the remainder of the study where they were weighed daily. At two time points, prepubertal (P27) and young adulthood (P65), female offspring were fasted overnight, euthanized following isoflurane anaesthesia (99.9%), and ovaries and blood samples collected between 0900-1200 hours. Both ovaries were weighed, and one was fixed in 10% formalin and processed for follicle counts or immunohistochemistry and the other snap-frozen in liquid nitrogen and stored at -80
• C for laser capture microdissection (LCM) and molecular analyses. Blood was centrifuged at 4
• C for 20 min at 3000 rpm and plasma stored at -20
• C for analyses. In all cases, all biological replicates in the analyses were from different litters.
Reproductive cyclicity
Females were evaluated for reproductive cyclicity. Reproductive staging of estrous cycles was evaluated in CON and UN offspring over three cycles, from ∼P40-P65 ± 5 days. Briefly, vaginal smears were performed daily, 3 h post the start of the light cycle to obtain vaginal epithelial cells which were stained with Haematoxylin Stain 2-Gill (Fisher Chemical) and evaluated for the relative abundance of leukocytes, nucleated vaginal epithelial cells, and cornified cells using light microscopy as previously described [26] [27] [28] . Reproductive stages were characterized based on the following properties of the observed cell types in each smear: a proestrus smear consists predominantly of nucleated epithelial cells; estrus consists of anucleated cornified cells; metestrus consists of equal portions of leukocytes, epithelial, and cornified cells; and diestrus consists primarily of leukocytes. Females were described as displaying regular, irregular cycles, or persistent estrus. Irregular estrous cycles were characterized based on prolonged stage duration, or the absence of an estrous stage. Females displaying more than three consecutive days in estrus were identified as having persistent estrus. Females displaying prolonged diestrus (lasting more than three consecutive days) were eliminated from the study due to the possible confounding of pseudopregnancy as described previously [29] .
Serum biochemistry
Circulating concentrations of follicle stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E 2 ), progesterone, antiMullerian hormone (AMH), insulin, and leptin were measured in prepubertal (P27) and young adults (P65) using commercially available rat-ELISA kits (FSH, Uscn Life Science Inc., CEA830Ra; LH, Uscn Life Sciences Inc., CEA441Ra; E 2 , Calbiotech, ES180S-100 Mouse/Rat; progesterone, Enzo Life Sciences, AD1 901 011; AMH, CEA228Ra); insulin (Crystal Chem, 90060; Toronto Bioscience, 33270) and leptin (Crystal Chem, 90040). The sensitivities of the assays were as follows: FSH, 0.92 ng/ml; LH, 148.3 pg/ml; E 2 , 45.9 pg/ml; progesterone, 8.57 pg/ml; and AMH, 3 pg/ml; insulin, 0.05 ng/ml and 0.2 ng/ml; and leptin, 200 pg/ml.
Ovarian follicle counts
All fixed ovaries were processed, paraffin-embedded and completely serially sectioned at 4 μm. Haematoxylin and eosin staining was performed on every 5th (P4) or 10th tissue section (P27, P65) to determine follicle numbers as previously described [20] . Only follicles that contained a visible nucleated oocyte were counted to avoid counting the same follicle more than once [20] . Atretic follicles were accounted for even if a nucleated oocyte was not present due to nuclear degradation that often accompanies follicle atresia. All follicles were characterized as previously described based on follicle morphology [30, 31] . Briefly, follicle types were based on the following morphological criteria: primordial follicles, an oocyte surrounded by one layer of flattened granulosa cells; a transitioning follicle, an oocyte surrounded by more than two cuboidal granulosa cells with at least one flattened granulosa cell; primary follicles, an oocyte surrounded by one layer of cuboidal granulosa cells; secondary follicle, an oocyte surrounded by more than one layer of cuboidal granulosa cell with no antrum present; antral follicle, an oocyte surrounded by several layers of cuboidal granulosa cells with one or more visible antrum. Atretic follicles were characterized by oocyte and/or granulosa cell degeneration, and/or retraction of the granulosa cell layer from the oocyte, or theca cell layer and nuclear blebbing [32, 33] . Corpus luteum (CL) populations were counted as previously described [34] . The follicle counts for each animal were normalized to the total volume (μm 3 ) of ovarian tissue counted per animal as previously described [20, 30] .
Immunohistochemical localization and analysis of pFOXO3 Ser253 , pAKT Ser473 , AMH, AMHR2, and KIT Ovarian tissue sections (4 μm) were processed for immunohistochemical localization of factors known to regulate primordial follicle recruitment and follicle growth. Tissue sections were rehydrated and washed. Following inhibition of endogenous peroxidases with 1% H 2 O 2 (Fisher Chemical, H325-500) antigen retrieval was performed in citrate buffer (10 mM 0.05% Tween-20, pH 6.0) at 90 • C for 10 min followed by 15 min at room temperature (RT). Sections were washed, blocked with 5% bovine serum albumin fraction V (Fisher BioReagents, BP1600-100), and incubated with primary antibody (Supplement Table S1 .0 for antibody dilution details) overnight at 4
• C in a humidity chamber. Proteins were visualized using biotinylated anti-rabbit IgG (VECTASTAIN Elite ABC kit, Vector Laboratories, PK-6101), or anti-goat IgG 1:1000 or 1:500 dilutions, depending on the primary antibody and strepavidin/horseradish peroxidase (HRP) complex (VECTASTAIN Elite ABC kit for 1 h). Peptide immunoreactivity was visualized using diaminobenzidine tetrahydrochloride (DAB Peroxidase (HRP) Substrate Kit, Vector Laboratories, SK-4100) and counterstained with Haematoxylin Stain 2-Gill. All assays contained a negative control.
Computerized image analysis of pFOXO3
Ser253
Semiquantitative analysis of pFOXO3Ser253 in P4, P27, and P65 ovarian sections (CON; n = 7-9, UN; n = 6-7) was performed using a Nikon Eclipse Ni microscope. The total number of primordial follicle oocytes positively stained for pFOXO3Ser253 was counted and divided by the total number of primordial follicles and is presented as a ratio of positive primordial follicles: total number of primordial follicles.
Computerized image analysis of pAKT Ser473 , AMH, AMHR2, and KIT Semiquantitative analysis of immunopositive staining for pAKT Ser473 , AMH, AMHR2, and KIT in P4, P27, and P65 ovarian sections was determined using the NIS-Element AR Software on images captured using the Nikon DS-Qi2 Monochrome Microscope Camera. Mean density ± SEM was calculated using computerized software, where for P4 sections, positive staining within the entire ovarian section was analyzed, in P27 and P65 ovaries, analyses focused on secondary and antral follicles, including the outer most theca layer. All analyses were performed at 10× magnification.
Immunohistochemical evaluation of apoptosis
Apoptosis was evaluated via immunohistochemical staining for cleaved caspase 3. Ovarian sections were incubated overnight at 4
• C with rabbit polyclonal anti-cleaved caspase 3 antibody (1:200 dilution; Abcam, ab2302). The following day biotinylated secondary anti-rabbit antibody (1:100 dilution, Sigma) was applied for 2 h at RT, followed by HRP (Extravidin, 1:50 dilution, Sigma) for 1 h at RT. Antigen visualization was performed using DAB in solution (SigmaFast 3,3'-Diaminobenzidine tablets), and tissues were counterstained with Carazzi's Hematoxylin (Fisher Scientific, H345-25), mounted on coverslips (Fisher Scientific, 12-548-5E) using Permount Mounting Medium (Fisher Chemical, SP15-100, Ottawa, Canada) and images captured using brightfield microscopy (Nikon Eclipse E600, Qimaging mono 12 bit camera). The percentage of immunopositive cells was semi-quantified using integrated morphometry software (Metamorph, CA) with a minimum of five fields of view per tissue. Ovarian cryosections (10 μm; Leica CM 1860) from P27 and P65 offspring were used for LCM of specific follicle subtypes to quantify mRNA changes in follicle subtypes. Briefly, sections were dehydrated and stained to visualize ovarian morphology using an Arcturus Histogene Staining Kit (Life Technologies, KIT0401). Secondary and antral follicles were identified, isolated, and captured using PixCell II System (Arcturus, Mountain View, CA) at 20× magnification on Arcturus CapSure Macro LCM Caps (Life Technologies, LCM0211). Total RNA was extracted from isolated follicles using an Arcturus PicoPure RNA Isolation Kit following the manufacturer's instructions (Life Technologies, KIT0214). Ten microliter of extraction buffer was placed on LCM caps (ensuring the buffer covered the entire surface of the cap), placed onto a microcentrifuge tube, and then incubated at 42
Molecular analyses
• C for 30 min. Samples were then centrifuged at 800g for 2 min to collect the cell extract, and then stored at -80
Total RNA was purified via RNA purification columns prepared first by adding 250 μl of Conditioning Buffer, then 10 μl of 70% EtOH before being added into prepared RNA purification columns. Samples were centrifuged, washed, and RNA eluted. RNA quantity and purity were analyzed using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Canada) and stored at -80
Complementary DNA synthesis
Total RNA was used for first-strand complementary DNA (cDNA) synthesis using the Superscript VILO cDNA Synthesis Kit (Life Technologies) according to the manufacturer's instructions and using a standard thermocycler (Bio-Rad C1000 Touch). cDNA was stored at -20 • C until required for analysis.
qPCR assays
Primer sets (Supplemental Table S2 .0) were designed using Primer-BLAST software available at the National Center for Biotechnology Information Website (https://blast.ncbi.nlm.nih.gov) and manufactured by Invitrogen Life Technologies. Optimal primer conditions were adjusted to the following cycling conditions: product size 50-200 base pairs; primer melting temperature 58
• C-62 • C; exon junction span, all primers spanned exon-exon junctions. Only primer sets producing a single peak in dissociation curves were used for quantification of unknown samples. All qPCR assays were carried out with an initial denaturation at 95
• C for 5 min followed by am- of cycle values (Ct) was used for each sample. The transcript level of target genes in P4 ovaries, and P27 and P60 secondary and antral follicles were expressed relative to housekeeping genes (geomean) cyclophilin and Hprt, respectively. [35] [36] [37] .
Statistical analyses
In all analyses, one litter (mother) was considered to be one biological replicate. Analyses of maternal gestational and lactation weight gain, neonatal and postweaning weight gain, and post-weaning food intake was determined using two-way repeated measures ANOVA, with maternal diet and gestational day/postnatal day as factors with Bonferroni post hoc analyses where appropriate. The relationship between estrous cycle regularity and offspring maternal diet were determined using linear logistic regression (SPSS Statistical Software), where P < 0.05 was considered statistically significant and was performed using PASW Statistics 18 (SPSS Statistical Software). All other data were analyzed using a two-tailed unpaired Student ttest, assuming unequal standard deviation using Welch's correction, where P < 0.05 was considered statistically significant. Data were analyzed using GraphPad Prism 7.0 (Macintosh Version by Software Mackiev C Copyright GraphPad Software, Inc. 1994-2013) statistical software. Data are presented as mean ± SEM or as box and whiskers plots, min to max, where the center line represents the median for the remaining data.
Results
Maternal phenotype
Consistent with our previously established rat model [25] of fetal growth restriction with maternal UN, we demonstrated a main effect of maternal diet on maternal weight gain during pregnancy and lactation (P < 0.0001), where UN dams were significantly lighter than CON dams during pregnancy and lactation from day 5-35 post coitus (P < 0.001) based on Bonferroni post hoc analysis (Supplemental Figure 1A ). This is also represented as a significant decrease in overall change in weight during pregnancy in UN dams compared to CON calculated from gestational day 1 to birth (Supplemental Figure 1B ). At weaning (43 days post coitus), UN dams showed significantly reduced body fat, as measured by retroperitoneal fat pad mass/body weight, compared to CON dams (P < 0.0001, Supplemental Figure 1C ).
Female offspring phenotype Neonatal female offspring (P4)
There was a significant main effect of maternal diet on neonatal weight from P1-P21 (P < 0.05, Supplemental Figure 2A ). Female offspring born to UN dams were significantly lighter at birth compared to those of control pregnancies (P < 0.0001, Supplemental Figure 2B ), consistent with our previous data [24] . Maternal UN did not affect the number of live pups delivered per litter (CON: 14.5 ± 0.6, UN: 14.69 ± 0.6; P = 0.8), or the sex ratio (male:female) (CON: 1.09 ± 0.1, n = 23, UN: 1.3 ± 0.2, n = 16; P = 0.3). Neonatal UN females had significantly elevated serum insulin levels compared to CON (P = 0.01, Supplemental Figure 2C ), although serum leptin levels were similar between groups (CON: 0.6 ng/ml ± 0.2, n = 6, UN: 0.7 ng/ml ± 0.2, n = 5; P = 0.7). Neonatal glucose levels were similar between groups (Supplemental Figure 2D ), as were brain:body weight ratios (CON: 0.039 g ± 0.001, n = 22, UN: 0.04 g ± 0.001, n = 15; P = 0.5).
Postweaning offspring phenotype
Postweaning weights of UN offspring were significantly reduced (P < 0.0001) showing a significant effect of maternal diet (P < 0.001), but no interaction between maternal diet and postnatal day (P = 0.7). Bonferroni post hoc analysis showed that UN offspring 
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body weights were significantly reduced from weaning onward (P < 0.05) compared to CON offspring (Supplemental Figure 3A) . In a subset of offspring that were sacrificed prepuberty, we demonstrate that UN females were significantly lighter on P26 (Supplemental Figure 3A ), but retroperitoneal fat mass/body weight was not different compared to CON (CON: 0.002 g ± 0.0002, n = 16, UN: 0.002 g ± 0.0003, n = 14; P = 0.3). Similarly, fasting blood glucose and circulating serum leptin levels (Supplemental Figure 3B and D) and ovary weight/body weight (CON: 0.001 g ± 0.0003, n = 17, UN: 0.0003 g ± 6.046e-005, n = 14; P = 0.07) were similar between groups. Although serum insulin was modestly higher in UN offspring (Supplemental Figure 3C) , this difference was not statistically significant.
In a second subset of offspring at P65, young adult ovaries were collected in the proestrus stage in order to standardize ovarian morphology at collection. At this age, retroperitoneal fat mass/body weight was significantly reduced in UN compared to CON offspring (0.1614 g ± 0.0719 CON; 0.0063 ± 0.0003 UN; P < 0.05), although fasting blood glucose (CON: 5.7 mmol/L ± 0.1, n = 20; UN: 5.7 mmol/L ± 0.2, n = 14; P = 0.9), fasting serum leptin levels (CON: 0.9 ng/ml ± 0.1, n = 6; UN: 0.7 ng/ml ± 0.1, n = 6; P = 0.2), serum insulin levels (CON: 1.0 ng/ml ± 0.1, n = 10; UN: 1.1 ng/ml ± 0.10, n = 8; P = 0.6), and ovarian weight were similar between groups (CON: 0.0005 g ± 1.277e-005, n = 20; UN: 0.001 g ± 0.0004, n = 12; P = 0.2).
Maternal UN alters adult serum anti-Mullerian hormone but not gonadotropin levels
Circulating levels of serum progesterone were similar between groups at both P27 and P65 time points (n = 8-10, Table 1 ). Circulating serum levels of FSH and LH were analyzed as markers of central ovarian control at all time points. Serum concentrations of FSH and LH were similar between groups at all postnatal time points (P4-P65) ( Table 1) . Serum E 2 concentrations were significantly decreased in P27 UN offspring (P = 0.04) compared to CON ( Figure 1A) ; however, this difference was not observed in young adults (P = 0.3, Figure 1B ). Serum AMH levels were similar between groups at P27 (P = 0.9; Figure 1C ) but in young adulthood were significantly decreased in UN offspring (P = 0.03) compared to CON ( Figure 1D ).
Maternal UN impairs offspring reproductive cyclicity
Offspring born to UN mothers were significantly more likely to display irregular cycles compared to CON offspring according to a binary logistic regression analysis (P = 0.03, B = 3.78, n = 24-26, where n is equal to one individual female analyzed). Out of the total number of control offspring (n = 23), 61% showed regular cycles (n = 14), and 39% (n = 7) showed irregular cycles (includes both prolonged estrous and shortened cycle length). Out of the total number of UN offspring (n = 25), 36% showed regular cycles (n = 9), 64% showed irregular estrous cycles (n = 12) (includes both prolonged estrous and shortened cycle length), and 48% showed prolonged estrus ( Figure 2 ).
Maternal UN decreases young adult antral follicle numbers and increases atretic follicle numbers
Maternal UN did not significantly impact neonatal primordial follicle number (CON: 3.3 ± 0.6, n = 6; UN: 3.6 ± 0.3, n = 6), transitioning follicles (CON: 0.73 ± 0.05, n = 6; UN: 0.8 ± 0.1, n = 6), or the number of unassembled oocytes (CON: 15.34 ± In contrast, young adult UN offspring at only 65 days of postnatal age had lower numbers of primordial follicles ( Figure 3A ), although this difference did not reach statistical significance (P = 0.09). Primary and secondary follicle numbers were similar between groups ( Figure 3B and C), but atretic secondary follicle number was increased in UN offspring compared to CON ( Figure 3D ). UN females showed significantly lower antral follicle numbers (P = 0.004, Figure 3E ), no difference in atretic antral numbers ( Figure 3F) , and a significant decrease in CL number (P = 0.03, Figure 3G ) compared to CON offspring. Total atretic follicle number was significantly increased in UN offspring (P = 0.03) and total follicle numbers modestly reduced (P = 0.058, Figure 3I ).
Ovarian growth and recruitment factors are altered by maternal UN in offspring at age-specific time points Neonates (P4) Given our observations of UN-induced changes in offspring reproductive function and loss of follicles, we next investigated mRNA levels of key oocyte-specific and supporting growth factors involved in primordial follicle recruitment. PI3K/AKT signaling factors including forkhead box O3 (Foxo3), KIT ligand (Kitlg), and phosphatase and tensin homolog (Pten) were not significantly different between UN and CON groups. Similarly, bone morphogenetic protein 4 (Bmp), 7, and 15, and growth differentiation factor 9 (Gdf9), were not different in UN offspring compared to CON (Table 2) , although insulin-like growth factor 1 (Igf1) was modestly increased (P = 0.059). Amh mRNA was not detectable using qPCR in neonatal ovaries (data not shown).
Prepuberty (P27)
Our observations that young UN adults showed a decrease in the number of antral follicles pointed to possible defects in growing follicles, thus at P27, LCM was performed to specifically isolate secondary and antral follicles from ovarian sections. Although insulin-like growth factor 1 receptor (Igf1r) mRNA levels in secondary follicles were similar between groups, there was a tendency for increased levels of Igf1 levels in secondary follicles of UN offspring (P = 0.08) compared to CON (Supplemental Figure 4A ). This modest difference was absent in antral follicles. Kit mRNA levels in secondary and antral follicles were similar between groups (Supplemental Figure 4B) . Gene expression levels of Gdf9 (Supplemental Figure 4C) , Bmp15 (Supplemental Figure 4D) , Amh, and Amhr2 (Supplemental Figure 4E ) in secondary follicles were similar between groups. Although in antral follicles Gdf9, Bmp15, and Amh mRNA levels appeared lower, these differences were not statistically significant (Supplemental Figure 4) . Fshr mRNA levels were decreased in antral follicles of UN offspring (Supplemental Figure 5A ), but LH/choriogonadotropin receptor (Lhcgr) and aromatase (Cyp19a1) were similar between CON and UN offspring secondary and antral follicles (Supplemental Figure 5 ).
Young adult (P65)
Our observations that young UN adults showed a decrease in the number of antral follicles pointed to possible defects in growing follicles, thus in P65 ovaries similar to those collected at P27, LCM was performed to isolate secondary and antral follicles. Ovarian mRNA levels of Igf1 were significantly decreased in antral but not secondary follicles of UN offspring compared to CON (P = 0.0008, Figure 4A ). This was accompanied by a significant increase in Kit levels in antral but not secondary follicles of UN offspring 1.0 ± 0.7, n = 12 0.4 ± 0.2, n = 6 0 . 4 Kitlg 1.0 ± 0.3, n = 11 1.2 ± 0.3, n = 6 0 . 7 Pten 1.0 ± 0.6, n = 11 0.9 ± 0.4, n = 7 0 . 8 Bmp7 1.0 ± 0.5, n = 10 0.6 ± 0.2, n = 6 0 . 5 Bmp4 1.0 ± 0.6, n = 12 0.5 ± 0.1, n = 6 0 . 4 Bmp15 1.0 ± 0.5, n = 9 0 . 2 ± 0.1, n = 5 0 . 1 Gdf9 1.0 ± 0.5, n = 10 1.2 ± 0.8, n = 5 0 . 8 Igf1 1.0 ± 0.2, n = 12 3.0 ± 0.9, n = 6 0 . 0 6 a Data are presented as mean fold change ± SEM relative to CON. b Foxo3, forkhead box O3; Kitlg, KIT ligand; Pten, phosphatase and tensin homolog; Bmp7, bone morphogenetic protein 7, Bmp4; bone morphogenetic protein 4; Bmp15, bone morphogenetic protein 15; Gdf9, growth differentiation factor 9; Igf1, insulin-like growth factor 1.
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(P = 0.005, Figure 4B ). Gene expression levels of Igf1r, Gdf9, and Bmp15 were similar between groups ( Figure 4A , C and D respectively). Amh and Amhr2 were not significantly different between groups ( Figure 4E ), and despite lower Fshr and Lhcgr mRNA levels ( Figure 4F and G), these differences did not reach statistical significance. There was, however, a tendency for UN offspring to have decreased mRNA levels of Cyp19a1 in secondary follicles compared to CON (P = 0.055, Figure 4H ).
Maternal UN increases young adult ovarian apoptosis
Given our observations that P65 UN offspring show decreased antral follicle and increase atretic follicle number, we investigated whether this was associated with an increase in apoptosis in the ovary. Although mRNA levels of proapoptotic caspase 3 (Casp3) were similar between groups in secondary and antral follicles ( Figure 5A ), there was a significant increase in proportion of immunopositive caspase 3 cells in ovaries of UN offspring at P27 (P = 0.0007), and P65 (P = 0.004) compared to CON ( Figure 5B and C).
Maternal UN alters signaling factors that mediate follicle recruitment in an age-and follicle-subtype dependent manner Given our observations of both age-dependent and follicle subtypedependent changes in follicle numbers and mRNA levels of growth factors, we next investigated the localization of these growth factors within follicle subtypes in neonatal (P4), prepubertal (P27), and young adult (P65) offspring.
Neonates (P4)
Due to the predominance of only one follicle subtype (>80% of the neonatal ovary is made up of primordial follicles) at P4, whole ovarian sections were analyzed. The PI3K/AKT signaling pathway is key in regulating primordial follicle recruitment, thus we investigated a number of key hubs within this signaling cascade. Phosphorylated (p)AKT (serine 473) was immunolocalized within oocytes of primordial and transitioning follicles, as well as ovarian stromal cells ( Figure 6 ). Semiquantitative analysis showed a modest increase in the immunopositive density of pAKT in UN neonatal ovaries (P = 0.08, Figure 6A ). Within this same cascade, upstream of AKT, KIT is a growthpromoting factor, activating the PI3K/AKT pathway as it induces phosphorylation of AKT and its downstream target FOXO3. In neonatal ovaries, KIT was localized within the cytoplasm, including granulosa cells (Figure 6 ). This is consistent with previous findings [38] . Semiquantitative analysis revealed that ovarian KIT protein immunoexpression in offspring at P4 was similar between groups ( Figure 6B) .
Downstream of both KIT-and IGF-mediated PI3K/AKT activation is the phosphorylation of transcription regulator FOXO3. When phosphorylated, the stimulatory effect of FOXO3 on cell cycle regulators is inhibited [39, 40] . In the current study, pFOXO3 was immunolocalized to the oocyte nucleus and cytoplasm of primordial follicles ( Figure 6C ). Overall, pFOXO3 immunopositive staining was increased in UN neonates ( Figure 6C ). Since pFOXO3's action is based upon its nuclear translocation we specifically examined the immunostaining of pFOXO3 nuclear localization ( Figure 6F ), where nuclear localization was deemed to be an "activated" primordial follicle and where no nuclear staining was deemed a "dormant" primordial follicle. Semiquantitative analysis demonstrated that UN neonatal primordial follicles were more activated than CON offspring, showing increased number of follicles with nuclear localization ( Figure 6F) .
In primordial follicles, AMH acts as a brake on primordial follicle recruitment, thus we also investigated whether this inhibition on recruitment was similarly altered in UN offspring. AMH was immunolocalized to granulosa cells and cytoplasm of oocytes of primordial and transitioning follicles. Although density of immunopositive AMH appeared decreased in UN neonatal ovaries ( Figure 6E) , there was no overall change in staining density ( Figure 6E ). In contrast, AMH receptor 2 (AMHR2), localized within the oocytes and granulosa cells ( Figure 6D ), was significantly decreased in UN offspring compared to CON (P = 0.004, Figure 6D ).
Since P65 UN offspring showed a decrease in antral follicle number, semiquantitative analysis of immunopositive staining of growth factors was performed in secondary and antral follicles in prepubertal and young adult offspring to determine the effects of UN on follicle growth.
Prepubertal (P27)
In prepubertal offspring, pAKT was localized within the oocyte and granulosa cells of secondary and antral follicles (Figure 7) . Semiquantitative analysis showed that the mean immunopositive density of pAKT staining in secondary follicles was similar between groups, but was lower in UN antral follicles compared to CON (P = 0.006, Figure 7) .
KIT was immunolocalized to the zona pellucida and faintly within the theca interna cell layer secondary and antral follicles (Figure 7) . Density of immunopositive staining was modestly decreased in antral follicles of UN offspring (P = 0.06, Figure 7 ). Only primordial follicles were analyzed for pFOXO3-positive immunostaining. Consistent with previous reports [41] , pFOXO3 was localized within the cytoplasm, nucleus of the oocyte, and granulosa cells of primordial follicles (Figure 7 ). UN offspring tended to have more pFOXO3 in oocyte nuclei (represented by activated oocytes/the total number of oocytes, P = 0.06, Figure 7 ).
Young adults (P65)
Localization of pAKT in young adult ovaries was similar to that of P27 ovaries (data not shown). pAKT was immunolocalized within the oocyte, and faintly in granulosa cells of secondary and antral follicle, and semiquantitative analysis of immunopositive staining shows no differences between the groups in secondary (P = 0.6) or antral (P = 0.3) follicles (data not shown). Similarly, KIT immunostaining was similar between groups and between secondary (P = 0.9) and antral (P = 0.8) (data not shown). Only primordial follicles were analyzed for pFOXO3 positive immunostaining to determine maternal UN effects on offspring primordial follicle recruitment factors ( Figure 8 ). Similar to P27, localization of pFOXO3 in young adult ovaries was within the cytoplasm and nucleus of the oocyte of primordial follicles and granulosa cells (Figure 8 ). Although increased staining was observed in UN offspring, semiquantitative analysis showed no significant difference between the groups (Figure 8 ).
Prepubertal and young adult anti-Mullerian hormone and AMHR2 immunolocalization AMH and AMHR2 were immunolocalized within the granulosa cells of secondary and antral follicles at P27 (Figure 9 ). Faint staining of AMH was observed within oocytes of secondary and antral follicles, while stronger immunostaining of AMHR2 was present in the oocyte. Semiquantitative analysis of AMH in secondary and antral follicles showed no significant difference between UN and CON offspring (secondary; P = 0.9, antral; P = 0.2) and AMHR2 (secondary; P = 0.4, antral; P = 0.5, data not shown).
Immunolocalization of AMH and AMHR2 in young adult CON and UN offspring ovaries were within the granulosa cells of secondary and antral follicles (Figure 10 ). Faint staining of AMH was observed within oocytes of secondary and antral follicles, while stronger immunostaining of AMHR2 was present in the oocyte. There was no difference between groups for immunopositive staining of AMH (secondary; P = 0.9, antral; P = 0.4) and AMHR2 (secondary; P = 0.9, antral; P = 0.2) in secondary and antral follicles (data not shown).
Discussion
In the present study, we demonstrated that maternal UN during pregnancy results in developmental impairments in offspring ovarian follicles that are apparent as early as neonatal day 4 of life, effects that are associated with impaired reproductive cyclicity, and ovulation by young adulthood. We speculate that in UN neonates, primordial follicle recruitment is accelerated, but that beyond this stage, impaired follicle growth factor and gonadotropin responsiveness results in increased follicular atresia by apoptosis, particularly by 65 days of age. These data contribute to and extend our previous observations that maternal UN results in ovarian follicle depletion in adult offspring at 160 days of age [20, 42] . Maternal UN decreased immunopositive pAKT in prepubertal (P27) offspring antral follicles compared to CON offspring. Photographs represent the immunolocalization of pAKT, KIT, and pFOXO3 in P27 UN and CON ovaries. Brown color depicts protein localization. Scale bar represents 100 μm. Graphs represent semiquantitative analyses of immunopositive staining density for pAKT secondary (left) and antral (right); KIT secondary (left) and antral (right); and pFOXO3 activated oocytes/total number of oocytes (activated = pFOXO3 nuclear localization). CON; n = 3-7, UN; n = 6-7. Data are presented as box and whiskers plots, min to max, where the center line represents the median. * P < 0.05.
Neonatal offspring
Growth-restricted neonates displayed altered protein levels of PI3K/Akt signaling factors
Neonates born to dams that were nutrient restricted during pregnancy showed hyperinsulinemia, which is consistent with other studies demonstrating that IUGR is associated with insulin resistance early in life [8, 13, 43, 44] . Although this difference is no longer significant at 65 days of age, we have previously shown that UN results in adult offspring with hyperinsulinemia [25] consistent with the concept that adult metabolic dysfunction and insulin resistance is programmed in utero [25, 45] .
UN neonates demonstrated reduced ovarian immunolocalized AMHR2 protein expression in their ovaries. It has been well established in vitro and in vivo that AMH acts to delay primordial follicle assembly and transition to a primary follicle [46, 47] . Thus, we speculate that lower AMHR2 levels may result in a loss of the brake that prohibits the initiation of primordial follicle activation and growth, culminating in increased primordial follicle activation. This notion is consistent with our observations that Igf1 mRNA as well as immunopositive pAKT and pFOXO3 were increased in neonatal primordial follicles. Amhr2 expression is present in the fetal mouse ovary before Amh [48, 49] , and although there are no other known ligands of AMHR2, it is possible that there are alternative factors acting on AMHR2, particularly at this early time point in follicular maturation. We could not detect Amh mRNA in our neonatal ovaries, but we did observe clear immunopositive staining of AMH, thus it is reasonable to speculate that mRNA levels are very low in ovaries at this early age. However, it is important to note that immunohistochemistry does not distinguish between the mature form of AMH versus the protein precursor of AMH (proAMH); thus, it is possible that UN ovaries may have decreased mature AMH. Future experiments are needed in order to differentiate between proand mature AMH in order to understand the role of AMH-AMHR2 binding particularly in neonatal ovaries.
Prepubertal (P27) offspring
Prepubertal UN offspring displayed decreased circulating E 2 levels and increased follicular apoptosis Prepubertal offspring born to UN mothers demonstrated a significant decrease in circulating serum E 2 levels. E 2 is produced by and targets granulosa cells, promotes follicle development especially during the preantral stage, and stimulates granulosa cell survival [50, 51] through decreased apoptosis. Consistent with this, Cyp19a1 (gene that encodes aromatase, the rate-limiting enzyme in producing E 2 ) knockout mice show increased follicular atresia and granulosa cell apoptosis with age [52] . Our observations are consistent with the notion that reduced circulating (and perhaps local) E 2 levels have facilitated granulosa cell apoptosis [52] as we observed a significant increase in CASP3 immunostaining. These changes then result in an observable reduction in follicles and increased in atretic follicles by 65 days of age.
IGF1 signaling stimulates E 2 secretion in vitro [53] [54] [55] [56] , and IGF1 has been shown to increase mRNA levels of Cyp19a1 and Fshr in bovine granulosa cells isolated from preantral follicles [56] . Despite our reported increase in serum E 2 levels at P27, the only observable change in key receptors and enzymes that we investigated was a reduction in antral follicle Fshr mRNA levels. Whether this decrease results in an actual decrease in phosphorylation of the receptor subunit and reduced activity is unknown, but is consistent with a decrease in E 2 . Although some rodent studies have shown no change in serum E 2 in fetal or prepubertal IUGR female offspring [57] , human reports show both similar [9] or higher [58] serum E 2 in SGA infants and either lower [59] or higher [60] levels in childhood and adolescence. It is clear that more studies are required to adequately track gonadotropin and E 2 profiles in IUGR offspring, particularly at this early age, since it appears that E 2 levels are quite variable. In the present study, it is possible that since follicular growth and transition from one subtype to the next is a dynamic process, and that any impact of in utero growth restriction on transcript levels of enzymes was missed, since at least in our study, transcript levels were measured in a fixed snapshot of time.
Young adult offspring UN offspring displayed an early loss of ovarian follicles and impaired ovarian function We demonstrate that maternal UN resulted in a loss of growing follicles very early in the reproductive life of offspring (65 days of age), consistent with our previous observations of early ovarian aging in mature adults [20, 42] . Female rats reach sexual maturity by about 5 weeks of age, and are considered to be young adults by P65 [61] . Female rats begin reproductive decline at 5 months of age, with constantly elevated levels of E 2 , and a lack of ovulation. By 6-8 months of age, they show little to no developing follicles [62] . In our study, UN offspring showed a loss of antral follicles and decreased number of CL as early as 65 days of age (or just over 2 months of age). This loss was accompanied by impaired reproductive cycle regularity where UN offspring were more likely to display irregular cycles, primarily due to the occurrence of a persistent estrus. Persistent estrus is characteristic of ovarian aging and polycystic ovary disease in rats [63, 64] . This is consistent with other reports of rat offspring born to dams exposed to caloric restriction during the last two-thirds of gestation showing disrupted estrous cycles by 240 days of age [21] , and prolonged estrous cycles in rat offspring exposed to prenatal protein restriction by P140, and impaired fertility by 1 year [23] . Our data now show that this accelerated aging phenotype begins much earlier than previously thought, and, in effect, disrupts potential reproductive capability as early as 65 days of life.
UN young adult offspring showed decreased AMH serum levels
In the present study, the decrease in growing follicles at P65 corresponded to a decrease in circulating serum AMH levels. In humans and rodents, AMH is present from the primary to the early Downloaded from https://academic.oup.com/biolreprod/article-abstract/98/5/664/4813326 by OUP site access user on 08 October 2018 antral stage [65, 66] , where it serves to inhibit primordial follicle recruitment from the ovarian reserve, and decrease FSH sensitivity of growing follicles [46, 67] . Several studies have shown a strong correlation between antral follicle numbers and serum AMH concentrations, where high numbers of antral follicles are associated with high serum AMH concentrations [68] . Since serum AMH levels decrease with age coinciding with an age-related antral follicle loss [69, 70] , AMH has been used as an indirect measure of the ovarian reserve in humans [71, 72] . In our study, a reduction in circulating AMH in UN offspring coincides with our observed reduction in antral follicle number, which would release the brake on primordial follicle recruitment thus potentially depleting primordial follicles in UN offspring [67] . Although in the present study we show a very modest reduction in primordial number in young adult UN offspring, in previous work we showed that by 120 days of age UN offspring have decreased primordial follicle numbers [20] . It appears likely, therefore, that these changes are driven by a reduction in AMH levels.
Young adult UN offspring show increased follicle atresia and reduced follicular expression of Igf1 and Fshr
Our data support the notion that prenatal UN induces accelerated follicular apoptosis, as evidenced by an increase in the number of atretic follicles, a significant increase in caspase 3 staining as well as increased Casp3 mRNA levels in secondary follicles. In contrast to the prepubertal time point, the role of IGF1 in follicle selection postpuberty is crucial; IGF1 upregulates Fshr, which is necessary for dominant follicle selection in humans, as well as continued follicle growth [73, 74] . The observed increase in follicle atresia in UN offspring may suggest that immature follicles are being permitted to grow, but not able to produce the necessary level of receptors to be responsive to circulating gonadotropins and are thus are lost to atresia. Although this hypothesis is not supported by a significant loss of gonadotropin receptor mRNA levels (despite a tendency to lower levels) in secondary follicles, functionally, this hypothesis is supported by irregular estrous cycles and decreased number of CL, indicative of reduced ovulation. It is unknown however the extent to which central drivers at the level of the hypothalamus and pituitary participate in these effects. Future studies are required to test the role of central drivers in prenatal UN-induced ovarian aging.
In young adult offspring, UN increased Casp3 expression levels in secondary follicles, and was not associated with a loss of Igf1 mRNA levels. It is possible that a more precise differentiation between secondary and early and late antral follicles is needed in this study as previous work has shown that atretic follicles in mice are characterized by low Igf1 expression [75] . Future studies would require a more detailed specification of follicle subtypes undergoing atresia, through specific caspase labeling to determine if atresia is increased in secondary and/or antral follicles.
Downstream of IGF1-mediated PI3K/AKT activation is the phosphorylation of transcription regulator FOXO3. When phosphorylated, the stimulatory effect of FOXO3 on transcription of cell cycle regulators involved in G1 to S phase inhibition such as p27 (Kip1) is inhibited [39, 40] . In the current study, pFOXO3 was immunolocalized to the oocyte nucleus and cytoplasm of primordial follicles. FOXO3 has been correlated with an increase in follicle atresia, where FOXO3 enhanced the transcription of proapoptotic factors such as Fas ligand (FASLG), BCL2 like 11 (BIM), and tumor necrosis factorrelated apoptosis inducing ligand in in vitro [76] [77] [78] . In the present study, pFOXO3 expression was only analyzed within the oocyte of primordial follicles in order to characterize the ratio of activated versus dormant follicles in offspring ovaries. Considering these findings, analysis of pFOXO3 to nonphosphorylated FOXO3 expression in UN and CON offspring granulosa cells of all follicle types, as well as further analysis of FOXO3-stimulated apoptotic factors could provide insight into the mechanism of follicle loss.
Conclusion
In conclusion, we show that nutrient restriction-induced fetal growth restriction results in early follicle loss and disrupted estrous cycles in young adult offspring. We speculate that this early follicle loss and irregularity of the reproductive cycles are a result of impaired follicle growth factor and gonadotropin responsiveness resulting in increased follicular atresia by apoptosis. It has been widely accepted that a woman's reproductive potential and fertility can be determined by the number of primordial follicles present in the ovarian reserve [79, 80] . Our data have demonstrated that the quality and growth of the follicle once recruited to the growing pool may hold the true potential for determining reproductive success, at least in the rodent. These findings provide a model of understanding the underlying mechanisms of follicle loss and reproductive dysfunction as a result of nutrient restriction during fetal life. Our data highlight the fact that the optimal time point for intervention in pregnancies complicated by fetal nutrient and/or growth restriction appears to be during fetal life since we have shown for the first time, which impaired follicular signaling pathways are present as early as 4 days of postnatal life, well before the phenotypic manifestation of altered ovarian function.
Supplementary data
Supplementary data are available at BIOLRE online.
Supplemental Figure 1 . UN dams gained less weight during pregnancy and had reduced retroperitoneal fat mass at lactation. (A) Maternal body weight during pregnancy and lactation in CON (Control, n = 18-25) and UN dams (Undernourished, n = 17-22). (B) Overall change in weight over gestation (weight on gestational day 1 -weight at P1) in CON (n = 17) and UN (n = 20) dams. (C) Retroperitoneal fat mass/body weight in lactating CON (n = 14) and UN (n = 11) dams. CON: dams fed a CON diet throughout gestation and lactation; UN: dams fed 50% of a CON diet, and a CON ad libitum diet during lactation. Data are presented as box and whiskers plots, min to max, where the center line represents the median.
* P < 0.05. Figure 2 . UN female offspring are born small and are hyperinsulinemic at 4 days of age. (A) Body weights from birth to weaning of CON (n = 23) and UN (n = 16-19) offspring (P1-P21). (B) Birth weight of CON (n = 23) and UN (n = 18) offspring. Serum insulin (C) and serum glucose (D) levels in neonatal (P4) CON (n = 4) and UN (n = 6) offspring. CON: offspring born to CON mothers; UN: offspring born to mothers fed 50% of CON diet during pregnancy only. Data are presented as mean ± SEM for growth data and as box and whiskers plots, min to max, where the centre line represents the median for the remaining data.
Supplemental
* P < 0.05. Supplenental Table 1 . Primary antibodies used for immunohistochemistry.
Supplenental Table 2 . Primer sequences
